We have determined the complete primary structure (8031 base pairs) of an infectious clone of: cauliflower mosaic virus strain CM1841. The sequence was obtained using the strategy of cloning shotgun restriction fragments in the sequencing vector M13mp7. Comparison of the CM1841 sequence with that published for another CaMV strain'(Strasbourg) reveals 4.4% changes, mostly nucleotide substitutions with a few small insertions and deletions. The six open reading frames in the sequence of the Strasbourg isolate are also present in CM1841.
INTRODUCTION
Cauliflower mosaic virus (CaMV) is the type member of the caulimovirus group, plant viruses containing circular, double-stranded DNA genomes (1). Since the great majority of plant viruses contain RNA genomes, CaMV has received considerable attention as a possible model for studying gene expression in plants (2) 
and as a potential vector for introducing foreign genetic material into plants (3).
A variety of CaMV strains have been isolated that differ in both phenotype and nucleotide sequence, as determined by restriction endonuclease analysis (4). However, further genetic analysis has proceeded slowlv due to the difficulty in identifying viral gene products by conventional means. For example, several in vivo transcription products have been isolated, all of which are transcribed from only one of the DNA stranHs, referred to as the a-strand (5-7). A gene product has been identified for only one of these transcripts. A 61-66 kilodalton protein found in cytoplasmic inclusion bodies has been shown to be encoded by EcoRI fragments B and D of strain CM4-184 on the basis of hybridization and in vitro translation studies (7-9). Recentlv we have identified the region of the genome that expresses viral coat protein antigen in Escherichla coll (10) .
With the advent of DNA sequencing technology direct information about the primary structure of DNA can be rapidly obtained (11, 12) . From the sequence, information about genomic organization can be deduced. We report here the complete nucleotide sequence of an infectious clone of CaMV strain CM1841 obtained using a novel sequencing strategy described by Messing et_ &L. (13) . During the course of this work Franck et_ al. (14) published the sequence of the Strasbourg strain of CaMV, which they determined for DNA extracted from virus particles and sequenced by the chemical cleavage method of Maxam and Gilbert (11) . Their sequence showed the presence of six open coding regions closely spaced in the genome with no evidence for intervening sequences.
We elected to sequence an infectious clone rather than a preparation of viral DNA for two reasons. First, restriction endonuclease cleavage patterns of viral DNA extracted from infected plants exhibit a range of minor fragments, some of which may be attributable to variability in sequence among the population of molecules (15) (16) (17) . Secondly, CaMV viral DNA contains three single strand interruptions with an unusual structure (18, 14) which may cause difficulties during cloning (19) . Both these problems are overcome by sequencing an infectious molecule that has been amplified in £• coli.
The sequencing strategy we employed involves shotgun cloning in the phage vector M13rap7 which contains cloning sites for fragments generated by a wide range of restriction endonucleases (13) . This system makes it possible to determine the complete primary structure of large DNA' s using standard cloning techniques. Strategies to optimize this method of sequencing are discussed herein along with the presentation of the sequence and genetic analysis.
MATERIALS AND METHODS

Bacteria and Plasmlds
Plasmid pCaMVIO contains a full-length copy of CaMV strain CM1841 cloned at the Sail site of pBR322 (see 20) . The clone is infectious, since typical mosaic symptoms develop when turnip leaves are inoculated with 0.1-0.5 ug of Sail-cleaved pCaMVIO DNA. Two preparations of pCaMVIO DNA were used as a source of starting material for cloning and sequencing, one grown in _E. coli strain C600 (thl~ thr~ lac~ supE44, ref. 21) , and one in strain GM48 (dam-3, dcm-6, thr-1, leu-6, thi-6, lacY, galK2, galT22, ara-14, tonA-3, tsx78, supE44, ref. Prior to restriction cleavage and cloning in M13, the CaMV moiety of pCAMVIO was purified away from the pBR322 vector by sucrose gradient centrifugation for 16 h in an SW 41 Ti rotor, and extraction of the faster moving band, as described In Lane and Gardner (25) . When specific subfragments of the CM1841 genome were required, DNA fragments were extracted from Sea Plaque agarose gels (as described in ref. 20) .
For cloning, DNA of the Ml3 vector and CaMV were cleaved with the relevant restriction enzyme, extracted with phenol, and ethanol precipitated prior to ligation. Ligation was performed in 50 nM Tris pH 8.2, 10 mMMgCl 2 , 10 mM dithiothreitol, 1 mM ATP, at 4°C for -16 hr.
T4 DNA ligase was purified by the method of Tait et_ al. (26) . For ligation of cohesive-ended fragments, we used 5-10 units of ligase per Ug DNA; for blunt-ended fragments, we used 500-1000 units ligase per ug DNA, and incubated the mixture at room temperature.
We initially had problems with blunt-ended cloning in M13mp7, since phage DNA cleaved with Hindi and ligated without added CaMV DNA gave a large (30-40%) background of colorless plagues. However, use of one particular batch of Hindi (BRL lot 2651) alleviated this problem, and resulted in 80-90% of the colorless plagues containing an CaMV insert.
The size of an insert in M13 was assayed by adding SDS (0.2% final concentration) to 10 ul of culture supernatant, followed by electrophoresis on agarose gels. Inserts of 100 bp or larger can be detected from the mobility of the ssDNA. In addition, we developed a simple and rapid hybridization assay to identify clones. Ten ul from the culture supernatants of two different clones were combined, SDS added to 0.2%, and the mixture incubated at 65° for 1 h. If the inserts were complementary (contain the same region of DNA cloned in the opposite orientation) they will hybridize to form a "figure eight" structure that shows a reduced mobility during electrophoresis in agarose. Thus it is possible to easily identify a clone in the opposite orientation from one that already existed, Computer analysis of the sequence was performed using the programs of Korn et_ a_l. (27) .
RESULTS AND DISCUSSION
Sequencing strategy
The restriction map of CM1841 has been established for several enzymes (4, 20) . Initially we cloned fragments of pCaMVIO in M13 using some of these enzymes (EcoRI, BamHI, Sail, Xhol, Bglll, and Hindlll), and mapped the inserts using restriction analysis. The DNA sequences obtained from these clones could then be located on the pCaMVIO restriction map. This initial step also provided us with a series of clones covering the whole genome which we could use as hybridization probes or as sources for subclones in subsequent steps.
We next cloned fragments generated by additional restriction enzymes (Mbol, EcoRI*, Tag I, Hpall, Haelll, Alul, and Hindi) whose cleavage sites on the CaMV genome were not known. We determined the sequence of clones chosen at random from the template bank. These clones were located on the CM1841 genome by comparison with the sequence already determined, or by comparison with the sequence of the Strasbourg strain of CaMV which had been published in the meantime (14) . From these data, we were able to locate regions of the genome which had not been sequenced in one or both orientations. Clones covering these regions were obtained in one of three ways, (a) Inserts of existing subclones were recloned in the opposite orientation.
The symmetry of the cloning sites in M13mp7 allowed this step for all except EcoRI* clones, (b) Subclones were made from particular regions of the genome using a suitable restriction endonuclease. For this purpose, fragments from pCaMVIO or from a suitable subclone were purified from agarose gels (see Materials and Methods), (c) To obtain the final sequences that were lacking, we searched through an existing bank of unidentified Alul clones, using the hybridization assay to locate the required insert (see Materials and Methods).
Randomness of the shotgun cloning procedure
The complete nucleotide sequence of the CM1841 part of pCaMVIO has been determined from the sequence of over 175 different subclones (see Fig. 1 ) .
Sequence Information has been obtained on both strands for over 88% of the genome. All of the sequence has been established from at least two independent clones and 84% from three or more clones for each portion of the genome.
The entire sequence of 8031 nucleotides is shown in Fig. 2 . Table 1 shows the number of different clones generated by each restriction endonuclease. In some cases, clones were screened for size before being selected for sequencing, in order to obtain the particular clones which were required. However, for banks generated by five different restriction enzymes, selection of clones for sequencing was completely random. For four of these enzymes (EcoRI* is discussed below), we tested whether the distribution of clones fitted a Poisson distribution. In the case of Mbol and Alul the results differed significantly (p<0.01), suggesting that one Mbol and one Alul fragment of CaMV were cloned preferentially. It is of interest that both of these fragments came from the same region of the genome. The Mbol fragment (2333+2149) was cloned seven times, always in one orientation. The Alul fragment (1908+1678) was cloned three times in one orientation. In addition we observed that repeated attempts to clone the small BamHI fragment from this part of the genome always resulted in clones with the fragment in the same orientation (2148+1926).
We are unable to suggest a persuasive argument for the cloning frequency or the orientation of these fragments. It is unlikely that the clones ob- Thicker arrows indicate that a particular subclone was otained twice or more. Arrows bounded at both ends by a stroke indicate that both the start and finish of the inserted fragment were identified in the sequence* exhibit strong promoter activity in £. coll (28). The preferred orientation would result In this promoter activity being in the same direction as the transcription from the phage and lac promoters on M13mp7. However, we were able to obtain CaMV subclones containing this region In the opposite orientation using different restriction enzymes (Hindlll, EcoRI*, Haelll).
As shown in Table 1 , the clone bank generated by EcoRI* contributed a considerable portion of the complete nucleotide sequence. In addition it has enabled us to Identify 34 different EcoRI* cleavage sites on the CaMV genome, and thus deduce the recognition specificity of sites cleaved by This table shows the results of the sequencing for some of the enzymes used to make a bank of clones from pCAMVlO. The total number of possible fragments (second column) is obtained by doubling the number of restriction sites in the genome (two sequences can be obtained from each site, one in each direction) and subtracting two or four (the starting material was linear at the Sail site, which eliminates two of the possible fragments for most enzymes, or four in the case of TaqI and H i n d i ) . The number of different sequences identified (column 4) among the total number of clones (column 3) is shown for each enzyme. The fifth column shows the number of times we obtained sequences that appeared more than once. For example, in the Mbol cloning, one sequence appeared 7 times, one four times, and five sequences appeared twice. For the lower three enzymes, choice of clones for sequencing was not entirely random since the inserts were screened for size before sequencing. In the case of Haelll and Hpall, only clones with large inserts were sequenced. For Hlndlll a representative size distribution of inserts was chosen for sequencing. which relatively fewer clones were obtained, primarily because there are fewer cleavage sites in these regions for the particular restriction enzymes that we used. This difficulty is inherent in the method of generating templates for sequencing by shotgun cloning of restriction fragments. We overcame this disadvantage by the use of the hybridization assay to identify desired rare clones from the bank. An alternative approach would be the pre-paration of fragments from the region In question and using these to prime synthesis within a large M13 insert (see ref. 29) .
Several modifications could be made to the sequencing strategy that we used to improve the yield of information from each sequencing reaction. For example: a) the DNA to be sequenced should be circularized by ligation before subcloning, so that there is an equal chance of obtaining clones containing all possible fragments; b) for restriction enzymes that cleave frequently, a partial digest should be used for cloning to reduce the number of short inserts obtained; c) clone banks should be generated from as wide a range of restriction enzymes as is feasible, and a small fraction of the total number of possible clones from each bank should be chosen for sequencing. This approach would help to reduce the non-randomness that results from preferential cloning of some restriction fragments, and from the particular distribution of cleavage sites in the molecule for each enzyme.
Our results show the feasibility of sequencing a medium-sized molecule using this approach. The method has several advantages. Sequence data can be produced very rapidly. The technology involved in generating templates for the sequencing reactions involves standard cloning methods. Once templates have been prepared, one person can readily obtain 1000 nucleotides of sequence per day. More importantly, the method generates an enormous resource: a bank of clones of widely differing sizes (in our case from 26 to 8031 bp) that covers the entire genome. These clones are strand specific, and thus of particular use as hybridization probes and for subsequent genetic manipulation.
Comparison of the sequences of CM1841 and Strasbourg
The nucleotide sequence we have determined for CM1841 is very similar to that reported for the Strasbourg strain of CaMV (14) . Differences between the two sequences are primarily nucleotide substitutions, with only a few small deletions and insertions (differences are marked in the sequence shown in Fig. 2 ) . Overall the changes represent 4.4 mutations per 100 nucleotides ( Table 2 ) .
The six open reading frames found in the sequence of the coding ot-strand of Strasbourg are also present in CM1841. No frame shifts or stop codons occur within any of the regions as a result of the differences in sequence. In contrast, several of the insertions or deletions outside the coding regions would cause frame shifts (see Table 2 ) . Within each coding region, the proportion of base changes that cause a corresponding amino acid change ( Table 2 , last column) is significantly lower than expected on the basis of The differences between the nucleotide sequences of CM1841 and Strasbourg were examined for each of the six open reading frames and the two "intergenic" regions of the genome. For the purposes of the comparison with Strasbourg, Region V has been taken as starting from the second of two adjacent Met codons in CM1841. The nucleotide positions refer to CM1841 (Fig. 2) , and the insertion or deletion of bases refers to CM1841 relative to Strasbourg (which contains 8024 nucleotides). The putative protein products of each open coding region were compared between strains, and the number and % of changes are shown in columns 6 and 7. The last column gives the proportion of nucleotide changes that cause amino acid changes for each region.
chance (with the exception of Region II, where the difference is not statistically significant, p=0.2). Furthermore, many of the amino acid changes that do occur between CM1841 and Strasbourg are conservative (see Fig. 3 ).
These observations provide circumstantial evidence that the reading frames in the nucleotide sequence code for proteins. The large ' intergenic 1 region in CM1841, like its counterpart in Strasbourg, contains stop codons in all three frames and could accommodate only a small protein.
Differences in amino acid sequence between the putative protein products of each of the six regions are shown in Fig. 3 . Region V, the largest coding region, shows easily the highest degree of conservation in protein sequence. (7), and is pr.obably aphid transmissible. We know of no reports concerning the serological relationship between CM1841 and the Strasbourg strain.
It is difficult to Identify a genetic component for any of these biological differences between the strains. The genetic basis of aphid trans- (Fig. 3) is an attractive candidate to account for differences in severity of the two strains. However symptom induction is likely to have a complex genetic basis, and to be affected by more than one region of the genome.
A large number of CaMV strains exist (4), and variants can be isolated at high frequency (38) . We believe that impure viral cultures, resulting from a high multiplicity of infection during mechanical transmission, and perhaps by aphids in nature, has lead to the perpetuation of minor variants along with a major strain. We suggest that CaMV replication is a high fidelity process, and is not a factor in generating the observed variability.
Two results from the sequence data support this assertion. We have shown recently that most of open reading region II has been deleted from CM4-184, a derivative of CM1841 (20) . Therefore, Region II is clearly non-essential, at least for replication and cell-to-cell movement in plants in the greenhouse. We were suprised, therefore, to discover that the sequence of Region II in CM1841 did not diverge significantly from that of the Strasbourg strain ( Table 2) . We conclude that the Region II sequences in CM1841 have been faithfully replicated without selection since the isolation of that strain in 1967. Secondly, we have obtained over 600 bp of sequence information from strain CM4-184, the deletion variant derived from CM1841. The data is identical to the corresponding CM1841 sequence except for an A+T change at nucleotide position 7649. These two strains have been independently propagated since 1972.
Stable maintenance of non-essential DNA in the CaMV genome is a prerequisite to the use of this virus as a recombinant DNA vector in higher plants.
